Here, we report a novel "double Pickering stabilization" of water-in-oil (W/O) emulsions, where complex formation at the interface between Pickering polyphenol particles adsorbing from the oil side and whey protein microgel (WPM) particles coadsorbing from the aqueous side of the interface is investigated. The interfacial complex formation was strongly dependent on the concentration of WPM particles. At low WPM concentrations, both polyphenol crystals and WPM particles are present at the interface and the water droplets were stabilized through their synergistic action, while at higher concentrations, the WPM particles acted as "colloidal glue" between the water droplets and polyphenol crystals, enhancing the water droplet stability for more than 90 days and prevented coalescence. Via this mechanism, the addition of WPM up to 1 wt % gave a significant improvement in the stability of the W/ O emulsions, allowing an increase to a 20 wt % water droplet fraction. The evidence suggests that the complex was probably formed due to electrostatic attraction between oppositely charged polyphenol Pickering particles on the oil side of the interface and WPM Pickering particles mainly on the aqueous side of the interface. Interfacial shear viscosity measurements and monolayer (Langmuir trough) experiments at the air−water interface provided further evidence of this strengthening of the film due to the synergistic particle−particle complex formation at the interface.
■ INTRODUCTION
The stabilization of emulsions by solid particles has gained significant attention during the last two decades due to their ability to irreversibly adsorb at the interface, providing kinetic stability to the dispersed phase. 1, 2 Such solid particles are known as "Pickering" particles and tend to hinder coalescence by virtue of their exceptionally high desorption energies that make the particles practically impossible to desorb once adsorbed. 3 Besides oil-in-water (O/W) emulsions, Pickering stabilization has gained increased research attention among colloid scientists for stabilizing water-in-oil (W/O) emulsions owing to the limited number of biocompatible water-insoluble particles being investigated to stabilize water droplets to date, such as fat crystals, polyphenol crystals, etc. 2−4 In addition to single particle-laden interfaces, there has been growing interest in stabilizing emulsions by dual or hybrid particles. When two oppositely charged colloidal particles are used, the ability of particles to adsorb at the water−oil interface depends on mutual interactions between these two particles. 5 For an emulsion drop to be stable, sufficient packing of particles at the interface is necessary to prevent coalescence and subsequent phase separation. 5 For example, droplets have been shown to be stabilized by an electrostatic complex of lactoferrin nanogel particles and inulin nanoparticles, where the particles form particle−particle complexes at the interface and provide better coverage and consequently more stability. 6 However, such studies are relatively rare in the W/O emulsion domain. Nallamilli et al. 7, 8 stabilized W/O emulsions using a combination of silica and polystyrene particles. The silica particles were more hydrophilic and sited toward the water phase, while polystyrene particles were more hydrophobic and protruded outward into the oil phase, located above the silica particle layer. Pushpam et al. 5 also showed that oppositely charged colloids can stabilize W/O emulsions by controlling the charge ratio and the number of particles on their surfaces. In addition, they have investigated the influence of the charge ratio on the structural arrangement of particles or in the pattern formation at the emulsion interface. 5 In our previous work, we have shown the ability of waterinsoluble polyphenol crystals such as curcumin and quercetin to stabilize water droplets via the Pickering mechanism. 2 Microstructural evaluation at various length scales revealed that quercetin crystals had a more rodlike shape than curcumin crystals, the latter being smaller and having a more polyhedral shape. 2 It was observed that such polyphenol crystals absorb at the interface and provide stabilization of water droplets for several days. However, the formation of a hybrid polyphenol− whey protein isolate (WPI) complex at the water−oil interface revealed a pronounced improvement in the kinetic stability. 4 This complex formation was produced between the Pickering polyphenol particles adsorbing from the oil side and free molecules of biopolymer (WPI protein) coadsorbing from the aqueous side of the interface, which strengthened the mechanical properties of the adsorbed film. 4 It was also suggested that this complex strengthening was due to an electrostatic attraction between the oppositely charged polyphenol particles and protein at the interface, although hydrogen bonding between the two components may also contribute. 4 Although the complexes improved stability, above 5 wt % water, the emulsions still exhibited some coalescence over several weeks. Therefore, to engineer interfaces of W/O emulsions with enhanced performance, one novel strategy would be to investigate if W/O emulsions could be stabilized by complex formation between two Pickering stabilizers, namely, the same polyphenol particles combined with protein-based microgel particles, rather than protein molecules. To our knowledge, the use in this way of such combined biocompatible Pickering stabilizers remains uninvestigated.
Protein microgels are soft colloidal particles that can be produced using a top-down technique of forming a physically cross-linked heat-set hydrogel in the first stage. Then, microgel particles are produced by breaking the gel down under high shear forces using a homogenizer. 9 Whey protein microgel (WPM) particles result from controlled shearing of a heat-set gel formed via the disulfide bonding between β-lactoglobulin (β-lg) and α-lactalbumin (α-la) molecules, as well as between the same proteins. 10 Upon heat denaturation at 90°C, the unfolded whey proteins expose hydrophobic residues and thiol groups and start to aggregate. The initially quick formation of small primary aggregates is followed by fractal aggregation, which leads to the formation of larger particles that are primarily held together by hydrophobic and hydrogen bonds. 10, 11 Subsequently, intraparticle disulfide bonds are formed, leading to covalent stabilization of the structure. 10, 11 A combination of steric and electrostatic repulsion confers good colloidal stability to these microgels in aqueous dispersions. 12 In this work, we show a unique stabilization mechanism for W/O emulsions, containing up to 20 wt % water, via interfacial complex formation between the same curcumin or quercetin polyphenol crystals and WPM particles. It is hypothesized that polyphenol crystals coming from the continuous (oil) phase and WPM particles in the aqueous phase form complexes at the interface via the same attractive electrostatic and/or hydrogen-bonding interactions as observed earlier for nonmicrogel (molecular) WPI but, in this case, forming a sort of "double Pickering stabilization". The stability of the corresponding W/O emulsion droplets was evaluated as a function of different WPM particle concentrations, and the mechanism of the interfacial interactions was probed using a range of complimentary physical and microstructural techniques.
■ MATERIALS AND METHODS
Materials. Curcumin (orange-yellow powder) from turmeric rhizome (96% total curcuminoid content) was obtained from Alfa Aesar (U.K.). Quercetin (≥95%) in the form of a yellow crystalline solid was purchased from Cayman Chemicals. Both the polyphenol crystals were used without further purification. Soybean oil (KTC Edibles, U.K.) was purchased from a local store. Aluminum oxide (99%, extra pure) was used for soybean oil purification in some experiments and was purchased from Acros Organics (Belgium). Whey protein isolate (WPI) containing 96.5% protein was obtained from Fonterra (New Zealand). Water, purified by treatment with a Milli-Q apparatus (Millipore, Bedford, U.K.), with a resistivity not less than 18 MΩ cm −1 , was used for the preparation of the emulsions. A few drops of hydrochloric acid (0.1 M HCl) or sodium hydroxide (0.1 M NaOH) were used to adjust the pH of the emulsions. n-Hexane (99%) was obtained from Alfa Aesar (U.K.). Sodium azide and rhodamine B were purchased from Sigma-Aldrich.
Preparation of Aqueous Dispersion of Whey Protein Microgel (WPM) Particles. An aqueous dispersion of WPM particles was prepared based on a slight modification of the methods previously described by Murray and Phisarnchananan 13, 14 via the disulfide-bond-mediated covalent cross-linking of WPI followed by controlled shearing. Whey protein solution (10 wt %) was prepared by dissolving WPI powder in a 20 mM phosphate buffer solution at pH 7.0 for 2 h. The WPI solution was then heated at 90°C for 30 min and cooled down at room temperature for 30 min followed by storage at 4°C overnight to form whey protein hydrogels. The gels were mixed with a 20 mM phosphate buffer solution (1:1 w/w) at pH 7.0 and prehomogenized using a blender (HB711M, Kenwood, U.K.) for 3 min before homogenization using two passes through the Leeds Jet homogenizer (University of Leeds, U.K.) operating at a pressure of 300 ± 20 bar. Sodium azide (0.02 wt %) was added to the final 5 wt % WPM stock solution.
Particle Size Measurement of WPM Particles. The mean hydrodynamic diameter (d H ) of the WPM particles at pH value 3 was measured by dynamic light scattering at 25°C via a Malvern Zetasizer Nano-ZS instrument (Malvern Instruments, Worcestershire, U.K.). Assuming WPM particles to be spherical, the apparent particle diameter was calculated from the measured diffusion coefficient (D) via the Stokes−Einstein equation
where k b is the Boltzmann constant, T is the temperature, and η is the viscosity of the solution.
Particle sizes were measured after diluting the samples to 0.5 wt % with 20 mM phosphate buffer. The pH was adjusted to 3.0 or 7.0 by adding a few drops of 0.1 M HCl or NaOH. Solution (1 mL) was injected into a clean cuvette (poly(methyl methacrylate), Brand Gmbh, Wertheim, Germany). The refractive index of WPM particles and the dispersion medium were set at 1.545 and 1.33, respectively. The absorbance of the protein was assumed to be 0.001. The hydrodynamic diameters (d H ) were calculated by the cumulant analysis method of the autocorrelation function from the Zetasizer software.
Electrophoretic Mobility. The ζ-potential and electrophoretic mobility measurements of WPM particles in the aqueous phase and polyphenol crystals dispersed into the soybean oil phase were performed using the Malvern Zetasizer Nano-ZS instrument. The WPM dispersion was diluted to 0.5 wt % using phosphate buffer solution (20 mM). The pH was adjusted to 3.0 or 7.0 by adding a few drops of 0.1 M HCl or NaOH. It was then added to a folded capillary cell (model DTS 1070, Malvern Instruments Ltd., Worcestershire, U.K.). Curcumin and quercetin crystals (0.14 wt %) were dispersed in the continuous phase (soybean oil) using an Ultra-Turrax T25 mixer (Janke & Kunkel, IKA-Labortechnik) with a 13 mm mixer head (S25N-10G) operating at 9400 rpm for 5 min. The larger crystals were left to sediment for 2 h at room temperature, and then the top layer was added to a cuvette (model PCS 1115, Malvern Instruments Ltd., Worcestershire, U.K.) where a universal "dip" cell (model Zen 1002, Malvern Instruments Ltd., Worcestershire, U.K.) was used for measuring the mobility in nonaqueous systems.
For the WPM, the instrument software was used to convert the electrophoretic mobility into ζ-potential values using the Smoluchowski or Huckel approximation for WPM particles. The ζ-potential was calculated from the measured electrophoretic mobility using Henry's equation
where ζ is the zeta potential, κα is the reduced inverse Debye length, and η is the viscosity of the solvent. The value of f(κα) is determined by the medium, the electrolyte concentration, and the size of the Curcumin or quercetin dispersions were prepared by dispersing the polyphenol crystals (0.14 wt %) in the continuous phase (soybean oil) using an Ultra-Turrax T25 mixer (Janke & Kunkel, IKA-Labortechnik) with a 13 mm mixer head (S25N-10G) operating at 9400 rpm for 5 min. The stock WPM solution (5 wt %) was diluted to the desired WPM concentration (0.05−2.0 wt %) and used as the aqueous phase. The pH of the aqueous phase was adjusted to 3.0 or 7.0, depending on the experiment, by adding a few drops of 0.1 M HCl or NaOH. Coarse W/O emulsions were prepared by homogenizing 10, 20, 30, or 50 wt % of this aqueous phase with soybean oil in an Ultra-Turrax mixer for 2 min at 13 400 rpm. Fine emulsions were prepared by passing the coarse emulsions through a high-pressure Leeds Jet homogenizer, twice, operated at 300 ± 20 bar. The initial temperature of the particle dispersion was 21°C. The temperatures of the dispersions were 23 and 26°C after Ultra-Turrax-mixing at 9400 rpm for 5 min and 13 400 rpm for 2 min, respectively. The temperature of the dispersions after passing through the Jet homogenizer (two passes at 300 ± 20 bar) was 33−34°C. Note that these slight temperature increases were too low to have any significant impact on the solubility of the particles or the proteins. 2 Immediately after preparation, emulsions were sealed in 25 mL cylindrical tubes (internal diameter = 17 mm) and stored at room temperature in a dark place.
Droplet Size Measurement of Emulsions. The particle size distributions (PSDs) of emulsions were measured using static light scattering via a Mastersizer Hydro SM small volume wet sample dispersion unit (Malvern Instruments, Worcestershire, U.K.). The average droplet size was monitored via the Sauter mean diameter, 
where n i is the number of the droplets of diameter d i . For water droplet size measurements, refractive indices of 1.33 and 1.47 were used, for water and soybean oil, respectively. Absorption coefficients of 0.01, 0.1, and 0.01 for curcumin, quercetin, and water were used, respectively. All measurements were made at room temperature on at least three different samples.
Confocal Laser Scanning Microscopy. The microstructure of the W/O emulsions was observed using a confocal microscope (Zeiss LSM700 inverted, Germany). Approximately, 80 μL of sample was placed into a laboratory-made welled slide and a coverslip (0.17 mm thickness) was placed on top, ensuring that there was no air gap (or bubbles) trapped between the sample and coverslip. The samples were scanned at room temperature (25 ± 1°C) using a 20 × /0.5 objective lens. Autofluorescence from the particles was excited using 488 and 405 nm lasers for curcumin and quercetin crystals, respectively. Rhodamine B was used as a dye for whey protein and added before the confocal analysis in all cases. It was excited using 545 nm lasers. The emitted fluorescent light was detected at 525, 460, and 580 nm for curcumin, quercetin, and rhodamine B, respectively.
Langmuir Trough Measurements. A specialist Langmuir trough featuring a rhombic poly(tetrafluoroethylene) barrier, described in detail elsewhere, 17−20 was used throughout this work. The surface pressure was measured by the Wilhelmy plate method, using a thoroughly cleaned, roughened mica plate (3−5 cm in length), which was suspended in the middle of the trough from a sensitive force transducer (Maywood Instruments, Basingstoke, U.K.). Before WPM particles or polyphenol crystals were spread, the air−water (A−W) interface was reduced rapidly to an area lower than that used in the subsequent π−A experiments. The interface was sucked clean with a vacuum line, the interface expanded, and the process repeated until π < 0.1 m N m −1 was obtained on compression. For spreading from organic solvent (hexane), a drop of the spreading solution was slowly formed on the tip of the syringe, and then the drop was slowly lowered to touch the interface, the syringe tip raised, and the process repeated until all of the solution had been spread. For the WPM particle experiments, 50 μL of a 0.3 wt % WPM particle suspension (in Milli-Q water, pH 3.0) was spread at the A−W interface (aqueous phase at pH 3.0). For the polyphenol crystal experiments, concentrations of 0.5 wt % curcumin or 0.9 wt % quercetin in hexane were prepared, and the mixture was sonicated for 1 min using a high-intensity ultrasonic probe (Sonics & Materials Inc., Newton, CT) while sparging with air. Then, 100 μL of these hexane mixtures were spread at the A−W interface (aqueous phase at pH 3.0). Spreading took 1−2 min and measurement of the π−A isotherm was begun 10 min after spreading, after which all of the hexane had evaporated. For the experiments where both polyphenol crystals and WPM particles were spread at the interface, polyphenol suspensions in hexane were spread first (100 μL) and then the system was left for 10 min to allow the solvent to evaporate before adding the WPM particle suspension (50 μL) as before. The system was then left for another 10 min to help ensure that both components were evenly dispersed throughout the interface. Films were compressed at a constant low speed, as described previously, 17−20 such that the rate of relative change in area was practically linear at 1.5 × 10 −4 s −1 for the isotherms recorded.
Interfacial Shear Viscosity (η i ). A two-dimensional Couette-type interfacial viscometer, described in detail elsewhere, 21, 22 was operated in a constant shear rate mode to measure interfacial viscosity. Briefly, a stainless steel biconical disc (radius 15.0 mm) was suspended from a thin torsion wire with its edge in the plane of the W/O interface of the solution contained within a cylindrical glass dish (radius 72.5 mm). The constant shear rate apparent interfacial viscosity, η i , is given by the following equation
where K is the torsion constant of the wire; θ is the equilibrium deflection of the disc in the presence of the film; θ o is the equilibrium deflection in the absence of the film, i.e., due to the bulk drag of the subphase on the disc; g f is the geometric factor; and ω is the angular velocity of the dish. A fixed value of ω = 1.27 × 10 −3 rad s −1 was used, which aids in comparison with measurements made on many other systems at the same shear rate. For these measurements, 0.14 wt % curcumin or quercetin particles were dispersed in purified soybean oil using the Ultra-Turrax mixer at 9400 rpm for 5 min. The oil was purified with aluminum oxide to eliminate free fatty acids and surface-active impurities that may affect the measurements. A mixture of oil and aluminum oxide in proportion 2:1 w/w was stirred for 3 h and centrifuged at 4000 rpm for 30 min.
Statistical Analysis. Significant differences between samples were determined by one-way analysis of variance and multiple comparison test with Tukey's adjustment performed using SPSS software (IBM, SPSS statistics), and the level of confidence was 95%.
■ RESULTS AND DISCUSSION
Characterization of Aqueous Dispersion of WPM Particles. The particle size distribution of the WPM dispersions as determined by dynamic light scattering was monomodal (Supporting Information Figure S1 ) with a polydispersity index of ∼0.3 and a mean hydrodynamic radius of ∼90 nm at either pH 3.0 or 7.0 ( Table 1) , i.e., there was no significant change in size at these pH values. The WPM particles display a polyampholyte character in line with their constituent proteins, with an isoelectric point (IEP) at pH 4.7, where their overall charge is zero. 23 Below and above this pH value, WPM particles were positively and negatively charged, respectively (Table 1) , as observed previously. 9, 24 The particles are stable against aggregation when the ζ-potential exceeds the Langmuir Article absolute value of 20 mV. 11 The overall charge and the colloidal stability of these particles are a result of a balance between the dissociation of carboxylic and amino groups of the whey protein side chains as a function of pH. 11 The attachment of WPM particles to the interface must differ from that exhibited by solid particles. 25 In Pickering emulsions, the contact angle of the solid particle surface at the oil−water interface is fixed and can be used to predict the type of the emulsion (oil-in-water or water-in-oil) and the particle adsorption strength. 26 However, for a microgel system, the particles are deformable and porous and to think in terms of a particle contact angle is misleading. 27 Consequently, it is not easy to properly define a line of contact between the pair of immiscible liquids and the particle surface. 28 Due to the conformational flexibility of its dangling chains, the location of the adsorbed microgel particle is characterized, not so much by a sharp particle−fluid interface but rather by a continuous polymer density profile. 28 Characterization of Polyphenol Particles in the Oil Phase. Particle charging in nonaqueous liquid suspensions has received increasing attention due to enhanced technological interest. 29, 30 Electric charges and surface potentials depend not only on the nature of solid particles but also on the nature of suspension liquid and on the soluble residues (potential determining ions, impurities, etc.). 29, 31 Large particles are suspended more readily than the smaller ones. Therefore, they tend to appear as characteristic clusters. 29 Van der Waals forces acting between the particles have been supposed to control their aggregation. However, these forces depend only slightly on the nature of the oil. 31 Surface charging in nonaqueous suspensions is considered to occur through: 29 (a) Electron transfer due to extreme Lewis type of electron acceptor (acid)−electron donor (base) interactions. (b) Proton transfer due to extreme Brønsted type of hydrogen bond (acid−base) interactions. This is typical in the presence of moisture, which results in the dissociation of surface hydroxyl groups and dissolution of ions as solvated complexes. (c) Adsorption of surface-active solutes (surfactants), ion transfer of dissolved ions, or the presence of liquid or solid impurities. The electrophoretic mobility results for curcumin and quercetin crystals dispersed in the oil phase are shown in Table 2 . Different applied voltages were tested to determine the most reproducible results. It was determined that at higher voltages (>80 V), the phase plots and the mobility results were more reproducible (results are not shown), and the results at an applied voltage of 150 V are shown in Table 2 . Partly due to the very high viscosity (57.1 ± 1.1 mPa·s 16 ) of the soybean oil, the mobility of the particles is expected to be low. Both polyphenol crystals showed a small negative mobility value indicating the presence of some negative charge at the particle surface when they are dispersed in the oil. This validates the hypothesis of attractive electrostatic interactions at the W/O interfaces between the slightly anionic polyphenol crystals in the oil and cationic WPM in the aqueous phase at pH 3.0 ( Table 1) . 4 Since converting mobilities to ζ-potentials in nonpolar media 30, 31 can be complicated, involving lot of unkowns, we have chosen not to do this conversion, since the main objective of this experiment was to confirm the sign (negative or positive) of any charge on the particles. Figure  1 (a i ),(b i ), respectively. A small peak below 1 μm was observed in all of the emulsions, most likely due to some WPM aggregates or WPM−polyphenol particle complexes dispersed into the bulk oil phase by the very high shear fields. The initial size (D 3,2 values) of the water droplets stabilized by curcumin crystals decreased from 23 to 20 μm as the concentration of WPM particles increased from 0.05 to 2.0 wt %, respectively. Over time, the D 3,2 values of curcumin systems containing 0.05 and 0.1 wt % WPM particles increased significantly (from ∼22 to ∼32 μm, p < 0.05; see Supporting Information Table S1) as shown in Figure 1 Table S1 ), for more than 90 days (Figure 1(b i ) ). The D 3,2 values of the systems containing quercetin were stable (∼20 μm) for all of the concentrations of WPM particles for more than 21 days, except for the lowest WPM concentration (0.05 wt %), where the size of the water droplets increased significantly (p < 0.05; see Supporting Information Table S2 ) and they phase-separated within 2 weeks (Figure 1(b ii ) ). The emulsions containing quercetin +0.1 and 0.5 wt % WPM particles were stable for 21 days, whereas those with 1.0 and 2.0 wt % WPM particles were stable for more than 90 days (p > 0.05; see Supporting Information Table S2 ) and no clear water layer observed after this time. The curcumin systems were even stable for >90 days at WPM concentrations >0.1 wt %, probably due to the smaller size (D 3,2 ∼ 0.2 μm) 2 and lower aspect ratio of the curcumin crystals, allowing greater coverage of the interface (as observed in the confocal images, Figure 2a ) as noted previously. 2, 4 The quercetin crystals have a more rodlike shape and larger mean size (D 3,2 ∼ 5.9 μm). 2 The sizes of the water droplets for both the curcumin and quercetin systems with WPM, though stable, were apparently larger than those obtained in our previous work with just the polyphenols, 2 though it should be remembered that the light scattering technique used cannot distinguish between water droplets, polyphenol crystals, WPM particles, or their aggregates as scattering centers. 32 Although the apparent larger droplet size suggests that the WPM inhibited the stabilization by the polyphenols or caused the water droplets to aggregate Langmuir Article more, in the previous work 2 with just polyphenols, the water fraction in the emulsions was only 5 wt %, whereas here with WPM, 10 wt % water was stabilized. Emulsions were also prepared at pH 7.0, but as previously discussed 4 at this pH value, the polyphenol crystals tend to degrade chemically and the emulsion stability was significantly impaired (see Supporting Information Figure S2 ). In any case, the results suggest that if electrostatic complex formation contributes to emulsion stability, it will be less effective at pH 7.0 because both WPM particles and the polyphenols would have the same (negative) sign of charge (Tables 1 and 2 , Zembyla et al. 4 ).
Confocal images of fresh emulsions stabilized by polyphenol crystals dispersed in the oil and different concentrations of WPM particles dispersed in the aqueous phase are shown in Figure 2 . The green brightness in the images is due to the autofluorescence of the polyphenol particles. Rhodamine B (red) was used to visualize the WPM particles. As one might expect, the intensity of red color within the spherical water droplets indicates that the WPM particles preferred to be in the water phase. In line with the emulsion results indicating higher stability at higher WPM particle concentration ( Figure  1 ), the intensity of red color at the W/O interface increased with increasing WPM concentration (Figure 2a ). In the curcumin system with low concentrations of WPM particles (<0.1 wt %), the WPM particles and crystals formed a very uniform layer around the water droplets. With quercetin even at WPM particle concentrations >0.1 wt %, the adsorbed layer was less uniform, with some droplets apparently having far less than complete coverage, with an increasing tendency for the droplets to aggregate, e.g., Figure 1 (b ii ). As the concentration of WPM particles increased (>0.1 wt %) in both systems, there was an increased tendency for the whole system to aggregate, with WPM particles seemingly aggregated at the interface of individual droplets and between interfaces, i.e., causing flocculation of the water droplets. The polyphenol crystals seemed to be mixed in with these aggregates. In other words, as the concentration of WPM increased, there was an increased tendency for microgels to become shared between droplets.
Confocal images of aged (for 21 days) emulsions stabilized by polyphenol crystals and 2.0 wt % WPM particles are shown in Figure 3 . The appearances of both the curcumin and quercetin systems seemed to have remained stable over time, and no coalescence was observed.
Effect of Volume Fraction of Water Droplets. Higher water:oil ratios (15, 20, and 30 wt % water) were tested for curcumin (0.14 wt %) or quercetin (0.14 wt %) crystals +2.0 wt % WPM particles as Pickering stabilizers, since this WPM particle concentration provided enhanced stability to 10 wt % W/O emulsions. Figure 4 shows that the initial D 3,2 of the emulsions with curcumin or quercetin crystals was not significantly different (∼15 μm, p > 0.05; see Supporting  Information Tables S3 and S4 for curcumin and quercetin, respectively) as the volume fraction increased from 15 to 20 wt %, while at 30 wt % water, the size decreased significantly in both systems. Selected images of these emulsions, shown in Figure 4 , illustrate the dense and uniform coverage of the droplets by polyphenol crystals (yellow). As the wt % water increases and therefore the absolute amount of WPM particles available increases (though the WPM particle concentration remains the same), the absolute amount of polyphenol available will decrease. However, the optimum ratio of WPM particles to polyphenol to achieve the most rapid interfacial Tables S3 and S4 for curcumin and quercetin, respectively. The green brightness in the images is caused by the autofluorescence of curcumin (488 nm excitation) or quercetin (405 nm excitation) crystals. The red brightness is due to WPM particles stained by rhodamine B (568 nm excitation). The scale bar represents 50 μm.
Langmuir
Article complex formation during emulsification is difficult to calculate, given that the two types of particle approach the interface from the two different phases. The WPM particles are generally smaller than those of the polyphenol crystals so that possibly greater WPM particle coverage in the early stages of water droplet formation aids in polyphenol coadsorption (via the various attractive interactions proposed), explaining the initial reduction in the droplet size. More efficient adsorption of both components at the interface also apparently reduced the capacity for polyphenols to aggregate in the oil phase, as also shown in the confocal images.
The emulsions containing 15 wt % water were stable for more than 90 days (results are not shown) and had much the same microscopic appearance as shown in Figure 4 . The emulsions with 20 wt % stabilized by either curcumin or quercetin crystals were stable for 14 days, while for all of the emulsion systems containing 30 wt % water, a water layer at the bottom was observed after 1 day and the systems had completely phase-separated after 3 days. Thus, between 20 and 30 wt % water, the systems became increasingly unstable, probably because there were not enough polyphenol crystals to fully cover the interface. The selected images shown in Figure  4a ,b of these higher wt % water systems also illustrate this increased instability in terms of larger apparent droplet sizes.
(Note that the confocal images were obtained 3−5 h after emulsion preparation, during which significant coalescence may have occurred, which did not appear in the light scattering results as the droplet size was measured only a few minutes after emulsion preparation.)
Microgel and Polyphenol Crystal Interactions via Monolayer Experiments. The response of the film of adsorbed material to expansion and compression of the interface is a key factor determining the ease of formation and stability of a multitude of colloidal systems. 18 Using Langmuir trough techniques at the air−water (A−W) interface, we sought to obtain direct evidence for specific interactions between the protein microgels and the polyphenol crystals at an interface. Working at the A−W interface was a simplification of the system compared to the W/O emulsions, but allowed reproducible spreading of material at the interface resulting in more robust conclusions. However, manual spreading at the interface can never mimic exactly the processes of adsorption/ desorption and the associated rates of conformational change during emulsification. Similarly, the solvency of air is not the same as oil and the affinity of both the microgels and polyphenol crystals for the W−O and A−W interfaces is probably not the same. 18 
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Upon adsorption, WPM particles undergo conformational changes, which result from the balance between chain spreading, driven by surface activity, and microgel internal elasticity, promoted by cross-linking. 33 The extent of spreading therefore depends on various factors such as the microgel internal structure and cross-linking, their concentration, or process parameters. 33 Microgels tend to flatten at fluid interfaces, sometimes exhibiting a "fried egg"-like structure. 34 The extent of spreading has consequences for the capacity of adjacent microgels to entangle via their peripheral dangling chains, forming a two-dimensional elastic network of connected microgels. 34 Microgels with low deformability (highly cross-linked) barely form entanglements and fail to stabilize emulsions against mechanical disturbances. It has also been found that the conformation depends on the concentration of microgels from which they adsorbat low concentration when the adsorption kinetics are slow, the microgels flattened, whereas at high concentrations they were more compressed laterally. 33 Interfaces covered with flattened microgels were adhesive, leading to bridging between adjacent interfaces, because the thin polymeric layer separating adjacent microgels could be more easily ruptured. 35 Thus, more deformable microgels can lead to more bridging due to their flattened conformation. 36 When the interfaces are covered with compressed microgels, the films are no longer adhesive because the higher polymer thickness prevents interfaces from bridging. 33,35−37 Other parameters such as energy input on stirring and homogenization and the size of microgels can also change the extent of spreading and thus the polymeric thickness at the interface, leading to similar consequences for bridging. 33, 35, 37, 38 Figure 5a shows the isotherms obtained by spreading a solution of 0.34 wt % WPM particles at the A−W interface at pH 3.0. Surface pressure (π) is plotted against A p , where A p is the area per particle scaled against the cross-sectional area of the nominal particle size, i.e., a sphere of radius 45 nm (see above). This size is therefore also used to calculate the number of particles in the 0.34 wt % solution, assuming the particles have the same density as the bulk gel from which they are formed. Films were repeatedly compressed and then reexpanded and compressed again to increasingly higher maximum π values to test for reversibility. It is seen that π starts to rise significantly at A p > 1 (somewhere between A p = 7 and 8), which may be taken as the region where the particles start to interact with each other in the interface, and thereafter π increases smoothly with increasing rapidity on further compression. By the time π = 10 mN m −1 , the isotherm is quite steep but A p is still >4. This suggests that on adsorption at low π, the particles are significantly more expanded than their initial unabsorbed size (the maximum packing fraction for monodisperse spheres on a plane, i.e., circles, being 0.9069), and while they undergo significant compression (nearly a factor of 2 in area) up to π = 10 mN m −1 , they are still significantly expanded at this π. However, this assumes that the particles are monodisperse, while clearly there is a range of sizes and also probably a range of shapes so that the polydispersity of the microgels (Supporting Information Figure  S1 ) and possibly differences in the compressibility of differently sized particles could account for some of this apparent increase in cross-sectional area. This interpretation of the isotherms also assumes that there is no irreversible desorption of particles on compression, but the reversibility and reproducibility of the isotherms, within experimental error (ca. 0.3 mN m −1 ), suggested that this did not take place. Particles also tended to form networks at the interface because they are attracted via capillary interactions, causing this increase of π. This attraction between the particles helps rendering stability of the water droplets in the emulsion systems (explained above). Overall then, the isotherms suggest that the WPM particles have a high tendency to adsorb and unfold at the A−W interface, substantiated by the emulsion results (and also the interfacial shear rheology resultssee below). Figure 5b ,c shows isotherms for curcumin and quercetin crystals, respectively, after their precipitation at the A−W interface from solution (at 0.5 and 0.9 wt % in hexane, respectively) and evaporation of the solvent. Expression of the isotherms in terms of A p as in Figure 5a immediately presents the problem of what particle size and cross-sectional area (and number of particles spread) to use for each polyphenol. The particle size and shape of the polyphenol crystals is even less precisely known. However, for illustrative purposes, since the main intention is to examine the behavior of the mixed WPM + polyphenol films, here we assumed that the quercetin crystals had a rectangular cross-sectional 7 μm × 1 μm, i.e., each occupied an area of 7 μm 2 at the interface, while the curcumin crystals were spheres of radius 0.1 μm and so each occupied an area of π(0.1) 2 = 0.031 μm 2 . The justification for this comes from our earlier characterization of the properties of the crystals dispersed in vegetable oil for the W/O emulsions, 2, 4 whereas here, the materials are precipitated at the interface from hexane. Removal of the crystals floating at the interface and observations of their size and shape via microscopy did not suggest that they were significantly different. Nevertheless, in view of these approximations, not too much significance should be attached to the fact that the start of the increase in π begins at quite high A p ≈ 6, only slightly lower than for the WPM particles. The crystals clearly should not expand, so that this is probably explained by them having a wider range of sizes and aspect ratios than assumed. This suggests that they can interact and form a network at the interface at lower coverages than the assumed sizes predict. Irrespective of this, it is seen that the isotherms are reversible, suggesting irreversible attachment and orientation within the interface. The quercetin isotherm is slightly steeper than for curcumin. Note that the amounts of polyphenol spread were chosen to give an equivalent surface area of material as the WPM particles, based on the nondeformed particle dimensions assumed above. The absolute position on the A p scale is not important for the reasons already discussed, but the isotherms for the individual components do allow us to compare the isotherms measured for the mixed systems with those predicted by ideal mixing. Thus, if one assumes there are no attractive or repulsive interactions between the WPM and polyphenol particles in the interface, then the surface pressures should be independent of one another and additive at the same overall trough area. Figure 6a ,b shows the measured and predicted isotherms for the combined systems of 0.34 wt % WPM + 0.5 wt % curcumin or 0.9 wt % quercetin, respectively. As indicated above, these concentrations would give equal interfacial areas of the nondeformed spread materials. Note that since both materials were initially spread at high area per particle, we have assumed that this will give them sufficient interfacial space to allow them to rearrange into the same sort of mixed configuration as eventually forms on their adsorption to the W−O interface in the emulsions, although it is very difficult to obtain direct evidence of this. The predicted isotherms are simply calculated from the addition of the isotherms in Figure 5 , and we have plotted π against the average area per particle for both particles. It is seen that for both WPM + curcumin and WPM + quercetin, the measured isotherm for the mixed system is shifted to lower A p at equivalent π in the predicted isotherm. In other words, the combined materials occupy lower areas at the same π, suggesting attractive interaction, or interpenetration of the crystals and microgels. In view of the above discussion of a possible attractive electrostatic interaction between the polyphenol crystals and WPM particles at the W−O interface, this perhaps not surprising, but this is nice additional support for this effect. It is also seen that the shift is most pronounced for curcumin, which is noted as having much smaller crystals and which might therefore more easily penetrate, or pack in between, the WPM particles. With quercetin, the measured and predicted isotherms are coincident, within experimental error, up until ca. π = 7 mN m −1 , beyond which the mixed area increasingly starts to diverge to lower areas compared to that predicted by ideal mixing. Note that qualitatively, these trends will be independent of the actual choice of particle crosssectional areas, as long as one is consistent for the single and mixed systems. Although at present, we have no way of knowing what are the actual adsorbed (i.e., rather than spread) surface concentrations of the two components at the W/O interface in the emulsions, the monolayer results provide interesting direct evidence for an attractive interaction between WPM particles and curcumin or quercetin crystals at interfaces.
Interfacial Shear Viscosity. To further test for evidence of interfacial complex formation, measurements of interfacial shear viscosity (η i ) were undertaken as discussed in our previous work. 2, 4 Interfacial shear viscosity is a particularly sensitive method for monitoring any structural and compositional changes within adsorbed layers. 21, 39 Experiments were performed with purified soybean oil to remove any lowmolecular-weight surface-active components (mono-and di glycerides), which tend to lower η i because they are more surface-active than proteins or particles. 21 Figure 7 shows the values of interfacial shear viscosity after 24 h in the presence of 0.14 wt % curcumin or quercetin crystals dispersed in the oil with different concentrations of WPM particles in the aqueous phase, at pH 3.0. A control experiment with purified oil (i.e., containing no polyphenol crystals) and Milli-Q water was performed but η i = 0 mN s m −1 even after 24 h (results are not shown). The addition of 0.5 wt % WPM particles to the aqueous phase (but with only purified oil as the continuous phase) also showed a significant increase in η i reaching a maximum of 711 mN s m −1 after 24 h (shown as the single blue point in Figure 7 ).
As seen in Figure 7 , for both curcumin and quercetin, the trend of η i (24 h) versus WPM particle concentration at pH 3.0 was very similar. Below 0.1 wt % WPM particles, there was a significant increase of η i , whereas above 0.1 wt % WPM particles, η i decreased. Note that although the value for 0.5 wt % WPM particles after 24 h is high (similar to many pure globular proteins, including β-lactoglobulin and α-lactalbumin 39, 40 ) , the values for these mixed systems at low WPM Tables S3 and  S5 for curcumin and quercetin, respectively.
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Article particle concentration are considerably higher still. At low concentrations of WPM particles, the polyphenol crystals and WPM particles might easily coadsorb at the interface and so form complexes, giving films that are much stronger than WPM particles on their own (at 0.5 wt % WPM particles, for example). A similar effect has been identified between polyphenol crystals and WPI. 4 However, at higher concentrations of WPM particles, WPM adsorption will tend to dominate over crystal adsorption, and so, the η i values decrease toward the values for WPM particles alone.
Curcumin gave the same η i as quercetin at 0.05 and 0.1 wt % WPM particles (Figure 7) , within experimental error, suggesting that both polyphenol crystals acted very similarly at lower WPM particle concentrations. However, as the concentration of WPM particles increased (>0.1 wt %), η i decreased more significantly (p > 0.05; see Supporting Information Table S5 ) for curcumin than for quercetin. This could be due to stronger interactions between quercetin and WPM particles, similar to the stronger interaction between quercetin and WPI suggested previously by the same η i measurement. 4 As the WPM particle concentration was increased, more aggregated particles were present at the interface, indicating a microgel-dominated system. During the interfacial shearing, these aggregated microgels may rearrange at the interface or break down to single microgels, destroying the interfacial film, explaining the decrease of η i (especially at WPM particle concentrations >0.5 wt %).
■ DISCUSSION
Drawing together the results of all of these experiments, a possible mechanism of complex formation between the protein microgels and polyphenol crystals at the interface is schematically shown in Figure 8 . At low concentration of WPM particles (<1 wt %), both polyphenol crystals and WPM particles coexist at the interface of the water droplets and synergistically improve the stability of the emulsions ( Figure  8a) . For curcumin systems, where the curcumin crystals have nearly similar shape and size as the WPM particles, both curcumin and WPM particles efficiently form complexes together, improving the water droplet coverage and stability for more than 90 days. For quercetin systems, where the quercetin crystals are much larger in size (D 3,2 ∼ 5.9 μm) 2 than WPM particles (at low concentration, ∼90 nm), the complex was still formed but the water droplets were only stable for 21 days, probably due to the incomplete coverage of the water droplets due to the larger size difference between the crystals and WPM particles. As the concentration of WPM particles increases, the size and shape of polyphenol crystals becomes less important with respect to stability. At WPM ≥ 1.0 wt %, the WPM particles aggregate with each other, with polyphenol crystals in the bulk phase and at the interface and between the water droplets, acting as a sort of "colloidal glue" for the whole system (Figure 8b ) that immobilizes the water droplets and inhibits their coalescence. Ultimately, this synergistic action of polyphenol crystals and WPM particles is due to an electrostatic attraction between the oppositely charged polyphenol crystals and WPM particles at the interface. This depends on the pH of the aqueous phase as explained before and in our previous work, 4 while hydrogen bonding probably also plays a role in enhancing the interaction.
Schmitt and Ravaine 41 explain how the particle packing in a microgel layer can cause bridging flocculation. If the particles' packing is looser and more heterogeneous due to nonuniformity of the microgel's internal structure or limited interconnectivity with adjacent particles, then there is a tendency for microgel layers to become shared between droplets. 35, 41 This susceptibility to bridging flocculation is considered more likely to occur in emulsions containing large stiff microgel particles having a high degree of crosslinking. 35, 41 Another factor affecting microgel packing at the oil−water interface is the intensity of hydrodynamic disturbance during emulsification. Highly intensive shearing induces pronounced microgel flattening at the droplet surface, leading to enhanced susceptibility toward bridging flocculation. 35 On the other hand, a moderately low shear rate applied during emulsification favors the formation of stable droplets with surfaces fully covered by dense uniform monolayers of laterally compressed microgel particles. 35 We have attempted to obtain evidence of the homogeneity of the typical arrangement (as distinct islands or mixed regions of each, for example) of the polyphenol crystals and the microgel particles at the W/O droplet interface via a range of electron microscopy (cryo-scanning electron microscopy and transmission electron microscopy) techniques. However, although the above confocal images clearly show that both components are present together, so far electron microscopy has failed to resolve the individual WPM particles at the interface, no doubt due to their more delicate nature and thus the damaging effects of dehydration, freezing, or the electron beam itself. Nor have we seen any clear evidence, with the Figure 8 . Schematic representation (not to scale) of curcumin or quercetin crystals + WPM particle-stabilized W/O emulsions, illustrating the effect of WPM particle concentration and the possible mechanism of water droplet stabilization.
Langmuir
Article range of crystal sizes and shapes, of capillary interactions influencing the deformation of the interface between droplets, which for large particles has been shown to be a significant contribution to the Pickering stabilization mechanism. 42 
■ CONCLUSIONS
In this work, we propose a novel way to stabilize W/O emulsions via a double Pickering mechanism, where polyphenol particles adsorb from the oil side and WPM particles coadsorb from the aqueous side of the interface. This complex formation was strongly dependent on the concentration of WPM particles. At low WPM particle concentrations, both polyphenol crystals and WPM particles were present at the interface, and through a synergistic action, they better stabilized the W/O emulsions. At higher WPM particle concentrations, flocculation was observed where the WPM particles acted as a colloidal glue between water droplets and polyphenol crystals enhancing the water droplet stability and preventing the coalescence. Via this mechanism, the addition of WPM particles up to 1 wt % gave a significant improvement in the stability of the emulsions up to at least 20 wt % water. It is believed that this complex formation was mainly formed due to attractive electrostatic interactions between oppositely charged polyphenol Pickering particles on the oil side of the interface and WPM Pickering particles mainly on the aqueous side of the interface, which therefore was also dependent on the pH of the aqueous phase. Interfacial shear viscosity measurements and monolayer experiments at the A−W interface provided further evidence of strengthening of the film due to the complex formation at the interface. However, higher concentrations of WPM particles do not improve the stability further due to WPM particle adsorption dominating over polyphenol particle adsorption. Combinations of such polyphenol crystals + microgels to form interfacial synergistic Pickering particle−particle complexes could be used more widely for designing water-in-oil emulsions for a variety of soft matter applications. 
